Abstract -Beeswax is composed of fatty acids, odd numbered n-alkanes and wax esters. Focusing on the most stable components of beeswax, namely the n-alkanes, we have found by gas chromatography and gas chromatography-mass spectrometry analyses of combs from twelve colonies from Israel and Jordan that as beeswax ages and darkens its n-alkane composition changes. The amount of even numbered n-alkanes (C 22 -C 32 ) is significantly higher in darker colored beeswax as compared to light colored beeswax. We attribute this in part to the accumulation of cuticular residues found in the darker colored comb cells. Cuticular residues are known to contain C 23 -C 32 odd and even numbered n-alkanes.
INTRODUCTION
The most common components of beeswax are wax esters, mostly of palmitic acid in the range of C 40 to C 52 (Tulloch, 1970) . These wax esters constitute about 70% by weight of the beeswax and have been extensively studied (Tulloch, 1980; Mills and White, 1994; Asperger et al., 1999; Aichholz and Lorbeer, 2000; Jimenez et al., 2003 Jimenez et al., , 2004 . The remaining components are mainly fatty acids (C 16:0 , C 18:0 and C 24:0 ; the latter serves as a biomarker) and n-alkanes (C 23 -C 31 ). The n-alkanes are reported to be composed almost entirely of odd numbered carbon chains with only traces of even numbered n−alkanes.
Notably, all the reported analyses of alkanes in beeswax were from light colored material (Tulloch, 1970; Regert et al., 2001) . The color of beeswax however varies from light yellow to dark brown and even black. The different colors roughly correspond to the different activities taking place in the cells. The newly built cells ("white") and honey-storing cells ("yellow") are located in the most peripheral areas of the hive. The brood areas ("black") are in the center of the comb. These are surrounded by the pollen-storage cells ("brown") for the nutrition of the larvae (DeGrandiHoffman, 1989) . The darker color of the central area is attributed to the presence of the pupal lining residues left in this area (Hepburn and Kurstjens, 1988) . The darker and hence older beeswax is also heavier and more brittle (Berry and Delaplane, 2001 ). Here we analyze the n-alkane contents of differently colored beeswax from 12 natural bee hives of Apis mellifera ligustica and Apis mellifera syriaca collected in Israel and Jordan respectively.
MATERIALS AND METHODS

Materials
Twelve wild bee colonies were sampled from the following locations in Israel: Bet-Gamliel, Rehovot (5 different colonies of different ages), Nahef, Juara, Hayogev and Kerem Maharal (2 different colonies) and from one location in Jordan: Abu Zead valley (Fig. 1) . We sampled and analyzed several combs per hive, according to their color. We generally sampled one dark and one light colored comb within each wild beehive. If the hive had a uniform color, only one comb was sampled. In the beehives from Rehovot 2 and 3, Juara, Hayogev and Kerem Maharal 2, light and dark colored beeswax were present. In the beehives from Beit Gamliel and Rehovot 4 no dark parts were found while in the hives from Rehovot 1 and 5, Nahef, Kerem Maharal 1 and Jordan very light colored parts were absent. The beehives from Nahef and Jordan are traditional clay mud hives maintained free of human introduction of wax foundations. Apis mellifera syriaca was identified using morphometric and DNA methods as the native bee that lived in this region before the introduction of imported bees (Haddad and Fuchs, 2004) .
Extraction of alkane fraction in beeswax
All comb beeswax was analyzed without any additional purification steps. Two methods were used for the analysis of beeswax in order to determine whether or not the results are influenced by analytical procedures. These were based on the methods reported by Regert et al. (2001) ("method A") and Evershed et al. (1997) ("method B"). As we were interested also in detecting compounds other than alkanes, the silylation step (see below) was included. When analysing only the n-alkane composition of wild beeswax, methods A and B were used without carrying out the silylation step.
Method A. 5 mg of beeswax was transferred to a sterile glass screw-top vial and 5 mL of dichloromethane were added and then sonicated for 5 min. 100 μL of the solution was transferred to another glass vial, and the solvent was evaporated under a stream of argon. 50 μL of N, Obis(trimethyl)silyltrifluoroacetamide, BSTFA, containing 1% trimethylchlorosilane (TMC) was added and the sample was heated to 65˚C for 30 minutes. After the vial cooled to room temperature, the silylating reagent was evaporated under a stream of argon, and 50 μL of dichloromethane was added; 5 μL were injected into the gas chromatograph (GC).
Method B. Approximately 5 mg of beeswax was transferred to a sterile glass screw-top vial and 2 mL of chloroform:methanol (2:1, v:v) solution were added and then sonicated for 10 min. 200 μL of the solution was transferred to another glass vial, and the solvent was evaporated under a stream of argon. 150 μL of BSTFA containing 1% TMC was added and the sample was heated to 65˚C for 30 minutes. After the vial cooled to room temperature, the silylating reagent was evaporated under a stream of argon, and 100 μL of cyclohexane were added; 5 μL were injected into the GC.
n-Alkanes standards C 10 -C 25 were obtained from Restek (A032194 Diesel Range Organics mix, Tenn/Miss). The C 26 -C 32 standard was custom made.
Analysis of alkanes by Gas
Chromatography (GC) and Mass Spectrometry (MS)
Gas Chromatography (GC)
The GC analysis was carried out using a HP6890 GC equipped with a flame ionization detector (FID) and using a split injection mode with a 1:10 split ratio. A 30 m, 0.32 mm ID 5% cross-linked PhMe siloxane capillary column (HP-5) with a 0.25 μm film thickness was used for separation. Helium was used as a carrier gas at a constant flow of 1.1 mL/s. The initial oven temperature was 50˚C and a heating gradient of 10˚C/min was started 2 min after injection. Upon reaching 345˚C, the run was continued for an additional 10 min. The injection temperature was 220˚C and the FID detector temperature was 350˚C. The identification of individual compounds was based on the comparison of retention times to reference standards.
Gas Chromatography / Mass Spectrometry
GC/MS measurements were carried out on another gas chromatograph (HP6890) with a massselective detector (HP5973; electron multiplier potential 2 kV, filament current 0.35 mA, electron energy 70 eV, and the spectra were recorded every 1 s over the range mass to charge (m/z) 50 to 800). The same capillary column noted above was used. Peak assignments were based on comparisons with library spectra (NIST 1.6), spectra reported in the literature (Tulloch 1970 (Tulloch , 1971 Tulloch and Hoffman, 1972) and by comparison of retention times of reference standards.
Analysis of chitin by Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was performed using a Midac Corporation (Costa Mesa, CA, USA) instrument. The spectra were obtained by mixing about 0.1 mg of sample with about 80 mg of KBr. The spectra were collected at 4 cm −1 resolution.
Amino acid analysis
Aliquots of the dry insoluble phase were hydrolyzed under 6 N HCl vapor in vacuo for 24 h. Following evaporation of the HCl, the hydrolyzates were derivatized with Waters AccQ . Fluor reagent (6-aminoquinolyl-Nhydroxysuccinimidyl carbamate) that stabilizes and fluorescently labels both primary and secondary amino acids. The derivatives were then analyzed with an automatic amino acid analyzer (HP Aminoquant system). The identification and quantification of the separate amino acids is based on external standard retention times and peak areas respectively.
Analysis of absorbance by Ultra
Violet -Visible spectrophotometry (UV-vis)
UV-vis spectra were taken on an HP 8453 diode array spectrometer. The measurements were carried out by diluting 50 μL of a 0.01 M solution of the dissolved beeswax in 2 mL of dichloromethane. The absorption intensity was measured at 500 nm.
RESULTS
Alkane composition
Beeswax from natural honeycombs was sampled by color and analysed using GC and GC/MS. Analyses of light colored beeswax showed the presence of odd numbered nalkanes (ONAs) in the range of C 23 -C 33 with a clear predominance of the C 27 alkane with only very small amounts of even numbered nalkanes (ENAs) in the range of C 22 -C 32 . In the 9 light colored honeycombs the distribution patterns of the alkanes are consistent with reported results (Tulloch, 1970; Hepburn and Kurstjens, 1988; Heron et al., 1994; Evershed et al., 1997; Regert et al., 2001 ). All other features that are attributed to beeswax were detected, but not analyzed in depth (Fig. 2) . The alkanes were identified according to their mass to charge (m/z) ratios, their typical m/z fragmentation patterns and retention times in comparison to standard alkanes.
GC and GC/MS analyses of dark colored beeswax showed an assembly of alkanes containing both odd and even numbered alkanes (Fig. 3) . Darker colored beeswax (based on visual observations and absorption at 500 nm) contains on average about 3 times more even numbered n-alkanes (ENAs) than lighter colored beeswax (Tab. I and Fig. 4) . The ratios of ENAs to ONAs in different colored beeswax from the same hive also show that darker beeswax contains higher amounts of ENAs in all the hives analyzed (Fig. 5) . No differences in n-alkane composition were observed due to the extraction method used. From this we infer that the ENAs in the beeswax might be derived from a different source, as compared to the ONAs which are derived mainly from the beeswax itself. To investigate this possibility further, we analysed other properties of beeswax by color.
Other properties
The absorbance of the soluble phase of the different colored beeswax varied only slightly (Tab. I). Thus we report, regarding all parameters we analyzed, solely on the two color extremes (dark and light). More than 95 weight % of the light colored beeswax dissolved in dichloromethane or in a chloroform:methanol mixture, while only 70 weight % of the dark colored beeswax dissolved in these solvents. We also noted that when two separate samples %ONAs and %ENAs was calculated from the calibrated peak area of the different alkanes present in the beeswax extract. % weight loss is the amount (mg) of insoluble pellet left after dissolving the beeswax sample with organic solvents compared to the initial weight of the beeswax sample. Absorbance is calculated at 500 nm wavelength.
(approximately 40 mg each) of light and dark colored beeswax were maintained in separate open vials at 80˚C in an incubator for 30 days, the dark and light phases separated after the samples were rapidly cooled. The heated light colored beeswax contained mostly a white phase with a very thin dark layer at the bottom of the vial. The heated dark colored beeswax contained mostly dark viscous material with a thin hard white crust on top. These observations imply that non-waxy material is present in significant amounts in the dark colored beeswax, whereas it is present in only small amounts in the light colored beeswax.
FTIR analysis of the insoluble fraction of all the beeswax samples showed the presence (Fig. 6 ). Amino acid analyses of samples from various parts of the hives showed larger amounts of amino acids in the darker parts of the hive.
DISCUSSION
The chemical composition of light colored beeswax has been extensively investigated and its predominantly odd numbered n-alkanes assemblage is well documented (Tulloch, 1980; Lockey, 1988; Hepburn et al., 1991; Asperger et al., 1999; Aichholz and Lorbeer, 2000) . The fact that bees use different parts of the comb for different purposes and that the central part is usually used for brood rearing is also well known (Hepburn and Kurstjens, 1988; Hepburn et al., 1991, Berry and Delaplane, 2001) . Furthermore, hydrocarbon assemblages containing both odd and even numbered n-alkanes are known to be deposited on the surfaces of the cuticles of bees' exoskeletons (Jay, 1963; Blomquist and Jackson, 1973; Hepburn and Kurstjens, 1988) . Salvy et al. (2001) report using GC and GC/MS analyses that extracts of waxes from the surface of bees' cuticles contain odd and even n-alkanes in the range of C 22 -C 32 . We confirmed this observation using cuticles obtained from two dark colored beeswax samples. We however did not obtain the relatively high concentrations of ENAs compared to ONAs that Salvy et al. (2001) reported. This could be due to pest infestation of these bees by Varroa jacobsoni (Salvy et al., 2001) . Cuticular hydrocarbons are synthesized during the nymphose phase in the haemolymph of the bees, secreted immediately after molting and are incorporated into their cuticular lipids (Blomquist and Jackson, 1973; Lockey, 1988) . Therefore, we can conclude that the larger amounts of ENAs present in the dark colored beeswax compared to light colored beeswax can be correlated to the accumulation of cuticles in these parts of the hives. This conclusion is consistent with the presence of chitin and protein in the fraction extracted from dark colored beeswax. Nevertheless, the absorption of different colors at 500 nm by beeswax, showed no correlation with the ONA/ENAs ratios (Tab. I). This lack of correlation indicates that there may be other factors that contribute to the dark color in the brood rearing areas. The amino acid composition of both light and dark colored beeswax is not dominated by Glycine and Alanine, showing that silk was not a major component of the protein fraction we analysed.
We thus envisage the following scenario for the presence of larger amounts of ENAs in dark colored beeswax. Cuticular hydrocarbons are synthesized during the pupal phase in the haemolymph of the bees. During the regular use of the comb by the bees, cuticles with their waxy layers accumulate, leaving their traces in the beeswax (Jay, 1963) . As a result the beeswax characteristics change. Its color darkens, it becomes brittle and heavier, the cell size decreases and the chemical composition of the comb changes (Hepburn and Kurstjens, 1988) . The ENAs secreted by the bee onto its cuticle, are incorporated into the beeswax. These are extracted from the whole lipid assemblage of the dark colored beeswax. The decrease in cell size causes the bees to lay their eggs in lighter colored cells, and thus the darkened areas in the hive enlarge with time (McLellan, 1978; DeGrandi-Hoffman, 1989 ). In the old comb ENAs are found all over the hive in increasing amounts. Because the source of the ENAs in the beeswax is additive in nature, the relative amounts of ENAs compared to the ONAs are variable, as we have observed. One implication of this observation is that in order to obtain representative analyses of parts of the comb or the whole comb, it is essential to homogenize the sample well prior to analysis.
